The nitrogen (N) to phosphorus (P) ratio (N:P) has been widely used as a threshold for identifying nutrient limitations in terrestrial plants; however, the associated reliability has not been well assessed.
INTRODUCTION
Nitrogen (N) and phosphorus (P) are important mineral nutrients for plant growth and metabolic activities, and they have a considerable influence on the primary productivities and complex biological processes in numerous ecosystems (Chapin et al., 1986; Elser et al., 2007; Vitousek et al., 2010) . Accordingly, exploring types of N and P limitations is crucial for predicting the impacts of accelerated nutrient loadings on ecosystem dynamics and implementing nutrient management (Verhoeven et al., 1996; Aerts and Chapin, 2000; Conley et al., 2009) . In recent decades, the N:P ratio has been proposed as a simple alternative to nutrient addition experiments to detect plant nutrient limitations. In a synthesis of 40 fertilization studies conducted in European wetlands, Koerselman and Meuleman (1996) proposed that plants were N limited when at a plant N:P ratio (the mass ratio, hereafter) of <14 and P limited when at a plant N:P ratio of >16, and an ambiguous limitation was observed between the two bounds. Güsewell (2004) subsequently proposed that an N:P <10 and >20 could better indicate N limitations and P limitations, respectively. These two N:P thresholds were proposed based on the relationship between plant N:P in unfertilized control plots and the type of nutrient limitation as determined via fertilization experiments in certain wetland and grassland ecosystems. The universal applicability of the N:P thresholds for plants across other ecosystems and species with different functional traits is still unknown. Furthermore, the N:P thresholds were proposed to detect plant nutrient limitations only at the community level Güsewell, 2004) . However, a myriad of studies have indiscriminately used N:P thresholds to detect nutrient limitations across multiple ecosystems at both the community level (92 of 506 citations) and the species level (358 of 506 citations) (Supplementary Data Fig. S1 ).
Researchers have recently begun to question the pervasiveness of N:P thresholds used to detect plant nutrient limitations (e.g. Aerts and Chapin, 2000; Drenovsky and Richards, 2004; Craine et al., 2008; Sullivan et al., 2014; Fay et al., 2015) . Several studies have found that plant N:P thresholds did not effectively predict nutrient limitations in certain ecosystems, such as desert ecosystems (Drenovsky and Richards, 2004) , upland grasslands (Craine et al., 2008) , savanna ecosystems (Ludwig et al., 2001; Cech et al., 2008) , ombrotrophic bogs (Tomassen et al., 2004) and alpine tundra plant communities (Soudzilovskaia et al., 2005) . Different species should have specific N:P thresholds because of their divergent nutrient demands (Güsewell and Koerselman, 2002; Güsewell, 2004) . Additionally, the N:P ratio could be calculated regardless of whether the nutrient content is deficient or sufficient, which might yield incorrect nutrient limitation types via the N:P thresholds in certain cases. For example, if the plant N and P contents are 30 and 4 mg g -1 , respectively, and the N content is assumed to be sufficient, then an N:P ratio of 7.5 (<10 and 14) would incorrectly indicate an N limitation. Moreover, if the plant N and P contents are 15 and 0.6 mg g -1 , respectively, and the N content is assumed to be deficient, then an N:P ratio of 25 (>20 and 16) would wrongly indicate a lack of N limitation. Thus, uncertainty associated with using the N:P ratio as a threshold of plant nutrient limitations probably occurs in many cases; however, these uncertainties have not been well assessed.
Herein, we investigate the uncertainty of the N:P thresholds in detecting plant nutrient limitations using two approaches. First, we compiled a large dataset of fertilization experiments across multiple ecosystems and tested whether the type of nutrient limitation predicted from the plant N:P ratio in unfertilized control plots was consistent with that determined by the growth responses to nutrient additions. Secondly, we conducted a random sampling simulation to assess the impacts of different nutrient sufficiencies and deficiencies on the accuracy of detecting nutrient limitations via N:P thresholds.
MATERIALS AND METHODS

Datasets
To assess the uncertainty of detecting nutrient limitations via the two aforementioned N:P thresholds (14 and 16; and 10 and 20), we compiled two datasets: the fertilization experiment dataset (designated as 'Fertilization Dataset') and the global leaf N and P content dataset ('Global Nutrient Dataset'). The Fertilization Dataset was compiled by collecting data from 53 publications of fertilization experiments with 197 records across multiple ecosystems. The publications were searched from Web of Science, Google Scholar, JSTOR and PubMed using the key words 'fertilization experiment', 'nutrient addition', 'nitrogen and phosphorus' and 'plant N:P ratio'. For each experiment, we recorded the plant N and P contents and the plant N:P ratios in the unfertilized control plots, the nutrient limitation type, the sampling level (community or species level) and the ecosystem type (e.g. wetlands, grasslands, shrublands and forests). Plant nutrient content at the community level was determined by the pooled above-ground biomass of all species at each community in the dataset. We extracted the data based on similar criteria reported by previous studies Tessier and Raynal, 2003) . First, we selected fertilization studies in which plant growth responses to nutrient additions and plant N:P in unfertilized control plots were available. Secondly, based on the growth response to nutrient additions, the target plants were classified into one of the following categories: (1) N limitation; (2) P limitation; and (3) no N and P limitation. The responses of the pooled above-ground biomass of all of the species to the nutrient additions were used to determine the type of nutrient limitation at the community level, whereas the growth responses of individual plant species to nutrient additions were used to determine the type of nutrient limitation at the species level. To discriminate between the three types of nutrient limitations, we selected fertilization experiments that included control, N and P addition treatments. Thirdly, leaf and above-ground biomass samples used to determine the nutrient content were included in this study because most samples for herbaceous plants are above-ground biomass and all samples for woody plants are leaves. Fourthly, only studies that harvested plant samples during the growing season were synthesized in the dataset.
The Global Nutrient Dataset was used to facilitate the random sampling simulation. This dataset consisted of leaf N and P content data in China (Han et al., 2005; He et al., 2008; Chen et al., 2013; Yang et al., 2016) and other regions (TRY databases, http://www.try-db.org; and other publications; Tian et al., unpublished) . The dataset was from 486 sampling sites worldwide and included 12 055 observations of leaf N and P content and N:P recorded simultaneously for 3441 species, 1342 genera and 116 families.
Data analysis
First, we evaluated the error risks of N:P thresholds in detecting nutrient limitation using the Fertilization Dataset. The relationship between plant N and P contents in unfertilized control plots, and the type of nutrient limitation determined in fertilization experiments was plotted to assess visually the reliability of N:P thresholds. Similar to Koerselman and Meuleman (1996) , we plotted four N:P exclusion lines of 10, 14, 16 and 20 on the graph of the relationship between plant N and P contents to separate the cases with different types of nutrient limitation. Further, we also illustrate the aforementioned relationship at both the community level and species level.
Secondly, we assessed the error risks of N:P thresholds in detecting nutrient limitation under the impacts of different nutrient sufficiencies and deficiencies through random sampling simulation using the Global Nutrient Dataset, because sample size is a factor influencing such error risks (Wright et al., 2005; Sterner et al., 2008; Reich et al., 2010; Loladze, 2014; Deng et al., 2015) . Therefore, we randomly sampled a certain number of pairwise records (from 50 to 10 000) from the Global Nutrient Dataset at 1000 iterations. For each sampling, we calculated the percentage of observations in which the types of nutrient limitation via N:P thresholds were not consistent with the nutrient content status (i.e. nutrient sufficiency or deficiency). The two N:P thresholds (10 and 20; and 14 and 16) were both tested when running the random sampling simulation. Four types of inconsistencies (i.e. error risks) were considered in this study. The 'upper inconsistency of N limitation' refers to situations in which the N:P threshold indicates N limitation at N:P <10 (or 14) but the leaf N content is above the threshold of N sufficiency. The 'lower inconsistency of N limitation' refers to situations in which the N:P threshold indicates no N limitation in the plant at N:P >20 (or 16) but the leaf N content is below the threshold of N deficiency. The 'upper inconsistency of P limitation' refers to situations in which the N:P threshold indicates P limitation at N:P >20 (or 16) but the leaf P content is above the threshold of P sufficiency. The 'lower inconsistency of P limitation' refers to situations in which the N:P threshold indicates no P limitation at N:P <10 (or 14) but the leaf P content is below the threshold of P deficiency. The thresholds of nutrient sufficiency and deficiency were defined as the times of geometric mean of the global leaf nutrient content. The global mean leaf N and P content were 18.9 and 1.20 mg g -1 , respectively (Supplementary Data Fig. S2 ). We set a series of thresholds of nutrient sufficiency and deficiency to explore the changes in error risks. All of these analyses were performed using R packages 'smatr' and 'boot' in R 2.15.2 (R Development Core Team, 2012).
RESULTS AND DISCUSSION
Error risks shown via fertilization experiments Koerselman and Meuleman (1996) conducted a synthesis of 40 fertilization experiments, and showed that plants at N:P <14 were all N limited (n = 17), whereas plants at N:P >16 could be either P limited (n = 13) or N limited (n = 2) (Fig. 1A) . In our study, we synthesized more fertilization experimental data (n = 197) using the Fertilization Dataset, and showed that plants at N:P <14 could have three types of nutrient limitation: N limitation (n = 80), P limitation (n = 7) and no N and P limitation (n = 36). Similarly, plants at N:P >16 could also have three types of nutrient limitation: N limitation (n = 4), P limitation (n = 24) and no N and P limitation (n = 17) (Fig. 1B) . Accordingly, the fertilization experimental data indicated that the types of nutrient limitation determined by the N:P thresholds of 14 and 16 were partly inconsistent with those determined by the growth responses to N and P additions, i.e. under N:P thresholds of 14 and 16, 32.5% (64/197) of the data were inconsistent between these two. Moreover, our results showed that plants at N:P <10 could have three types of nutrient limitation: N limitation (n = 56), P limitation (n = 3) and no N and P limitation (n = 23). Plants at N:P >20 could also have three types of nutrient limitation: N limitation (n = 1), P limitation (n = 19) and no N and P limitation (n = 5) (Fig. 1B) . Accordingly, the fertilization experimental data indicated that the types of nutrient limitation determined by the N:P thresholds of 10 and 20 were partly inconsistent with those determined by the growth responses to N and P additions; i.e. under N:P thresholds of 10 and 20, 16.2 % (32/197) of the data were inconsistent between these two. In terms of the plant nutrient limitations at both the community level and the species level, the fertilization experimental data also indicated that the types of nutrient limitation determined by the N:P thresholds were partly inconsistent with those determined by the growth responses to N and P additions (Supplementary Data Fig. S3 ). Thus, large error risks were associated with detecting nutrient limitations using the N:P thresholds as indicated by the tests from the fertilization experiments.
A critical restriction should be noted from the previous studies Güsewell, 2004) , which cautioned that the N:P thresholds could be mostly applied to plants that were limited by N or P rather than by other factors. However, whether a plant is limited by factors other than N or P is difficult to determine without fertilization trials. In fact, the addition of N and P will not promote plant growth when other factors (e.g. light, water, other nutrients and plant competition) restrict plant growth (Chapin et al., 1986; Aerts and Chapin, 2000) . Therefore, the N:P may incorrectly indicate an N or P limitation under such circumstances (Fig. 1) . Additionally, our results showed that error risks were also associated with detecting nutrient limitations using N:P thresholds when the plants were under N or P limitation (Fig. 1) .
Error risks shown via random sampling simulation
We used the Global Nutrient Dataset to evaluate the error risks shown via random sampling simulation. The random sampling simulation showed that there were error risks associated with detecting nutrient limitations using the N:P thresholds under the impacts of different nutrient sufficiencies and deficiencies (Figs 2 and 3) . To describe the error risk quantitatively, we calculated the percentage of observations in which the types of nutrient limitation via N:P thresholds were not consistent with the nutrient content status (i.e. nutrient sufficiency or deficiency) for each sampling. For example, the plant N and P content were regarded as sufficient if they were 1.5 times higher than the global mean leaf N and P content, and as deficient if they were 0.67 times lower than the global mean leaf N and P content. The percentages of the inconsistencies narrowed significantly with increasing sample sizes (Fig. 2) . Based on the N:P thresholds of 14 and 16, the upper inconsistences of the N limitation from the bootstrap samples ranged from 0 to 16 %, with an average of 4.78 % for all samples. The lower inconsistencies of the N limitation ranged from 0 to 22 %, with an average of 6.92 % for all samples. The upper inconsistencies of the P limitation ranged from 0 to 12 %, with an average of 2.48 % for all samples. The lower inconsistencies of the P limitation ranged from 0 to 10 %, with an average of 1.41 % for all samples ( Fig. 2A, C) . These results indicated that sample size did not change the average error risks, but significantly influenced the fluctuation of error risks: small sample size could induce large ranges of the error risks, and vice versa. Thus, error risks could be accurately assessed when the sample size become sufficient, which avoids high fluctuations due to limited samples. The thresholds of nutrient sufficiency and deficiency significantly influence the error risks. The percentage of the upper inconsistency of N (or P) limitation for all samples decreased with increasing thresholds of N (or P) sufficiency, whereas the percentage of the lower inconsistency of N (or P) limitation for all samples decreased with decreasing thresholds of N (or P) deficiency (Fig. 3) . Based on the N:P thresholds of 14 and 16, the percentage of the upper inconsistency of N (or P) limitation decreased from 18.41 % (or 12.4 %) to 0 % when the thresholds of N (or P) sufficiency were 1-4 times higher than the global mean leaf N (or P) content (Fig. 3A) . The percentage of the lower inconsistency of N (or P) limitation decreased from 21.85 % (or 6.57 %) to 0 % as the thresholds of N (or P) deficiency ranged from 1 to 0.25 times lower than the global mean leaf N (or P) content (Fig. 3C ). These patterns may be attributed to the reductions in the number of observations with the increasing thresholds of leaf nutrient sufficiency and the decreasing thresholds of leaf nutrient deficiency.
The N:P threshold levels also had a considerable influence on the error risks. Compared with the thresholds of 14 and 16, the thresholds of 10 and 20 showed the same trends in error risks with changes in sample size and nutrient sufficiency and deficiency thresholds; however, the error risks were lower (Figs 2,  3 ). The differences between these threshold levels might have been caused by the mathematical calculation methods. For example, in the analysis of the upper inconsistency of N limitation, the thresholds of 14 and 16 indicated N limitation at N:P <14 while the thresholds of 10 and 20 indicated N limitation at N:P <10. For each sampling, the number of observations at N:P <10 was lower than that at N:P <14. Accordingly, a lower percentage of upper inconsistencies of N limitation should be observed at N:P <10 relative to N:P <14. A similar explanation could be applied to the other three types of inconsistencies. Furthermore, plants tend to have a higher likelihood of P limitation with increased plant N:P ratios and tend to have a higher likelihood of N limitation with decreased plant N:P ratios (Fig. 1) . This may be partly related to the lower error risks associated with detecting N limitation using the N:P <10 threshold relative to the N:P <14 threshold, and related to the lower error risks associated with detecting P limitation using the N:P >20 threshold relative to the N:P >16 threshold.
Uncertainty was introduced by the random sampling simulation in this study, and the universal thresholds of nutrient sufficiency or deficiency could not be determined because of the divergent nutrient demands across different species (Gusewell and Koerselman, 2002; Güsewell, 2004; Supplementary Data Table S1 ). Thus, we could not compare the differences among the four types of inconsistencies (i.e. upper inconsistency of N limitation, lower inconsistency of N limitation, upper inconsistency of P limitation and lower inconsistency of P limitation). Instead, our study highlighted the potential error risks of detecting nutrient limitations via the N:P thresholds under the impacts of different nutrient deficiencies and sufficiencies.
Potential causes of the error risks and alternative indicators
The error risks of N:P thresholds may be attributed to different mechanisms, such as species-specific N:P thresholds (Güsewell and Koerselman, 2002; Güsewell, 2004) , the pervasiveness of nutrient co-limitation (Elser et al., 2007; Vitousek et al., 2010; Harpole et al., 2011; Ågren et al., 2012; Fay et al., 2015) and the limitation of other factors besides N and P (Chapin et al., 1986; Aerts and Chapin, 2000) . For one ecosystem or community with similar edaphic and climatic conditions, the high species diversity, limitations of multiple resources, species competition and community dynamics could influence the accuracy of N:P thresholds in determining plant nutrient limitation Verhoeven et al., 1996; Aerts and Chapin, 2000; Güsewell et al., 2003; Vitousek et al., 2010; Alvarez-Clare et al., 2013; Sullivan et al., 2014; Fay et al., 2015) . Given the large error risks of N:P thresholds in detecting nutrient limitation, new alternative indicators may need to be developed. The relative resorption hypothesis suggests that plants have higher N resorption efficiency (NRE) than P resorption efficiency (PRE) when they are N limited, whereas plants have higher PRE than NRE when they are P limited . The difference between NRE and PRE might be used to assess nutrient limitation. Similarly, the relative resorption of N and P (i.e. NRE/PRE) also offers insight into nutrient limitation across large spatial scales (Reed et al., 2012) . In addition, extracellular enzyme activity and resource demand are often tightly linked, and the stoichiometric production of N-vs. P-acquiring enzymes might be an index of the relative nutrient limitation (Sinsabaugh et al., 2008; Sullivan et al., 2014) .
CONCLUSIONS
The fertilization experiments and the random sampling simulation showed that canonical N:P thresholds can cause large error risks when detecting plant nutrient limitations. The error risks calculated from the sampling simulation showed large fluctuations at small sample sizes, and they decreased as the thresholds for nutrient content sufficiency (or deficiency) increased (or decreased). The N:P thresholds of 10 and 20 showed lower error risks compared with the N:P thresholds of 14 and 16. These findings suggest that the error risks of N:P thresholds in detecting nutrient limitation should be cautioned in future study, and alternative indicators (e.g. extracellular enzymes and stoichiometry, and nutrient resorption) may need to be developed (Reed et al., 2012; Han et al., 2013; Sullivan et al., 2014) . In addition, despite the observed error risks of the N:P thresholds, plants are still prone to P limitation with increasing N:P ratios, and prone to N limitation with decreasing N:P ratios. The N:P ratio could also provide a reference for identifying changes in the N and P balance under ongoing anthropogenic impacts, and link the relative availability of N and P with specific ecological processes (Güsewell, 2004; Vitousek et al., 2010; Yan et al., 2016) . SUPPLEMENTARY DATA Supplementary data are available online at https://academic.oup. com/aob and consist of the following. Figure S1 : citation statistics of the published studies that detected nutrient limitations via the two N:P thresholds from 1996 to 2015. Figure S2 : frequency distribution of leaf N and P content and N:P ratios, and relationship between leaf N and P content in global plants. Figure S3 : relationship between the plant N and P content in unfertilized control plots and the type of nutrient limitation as determined in the fertilization experiments at two levels. Table S1 : the thresholds of leaf nutrient deficiency and sufficiency reported by previous studies.
